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Introduction: Lower urinary tract symptoms (LUTS) due to overactive bladder (OAB) are
caused by spontaneous detrusor contractions. Medical treatment with muscarinic
receptor antagonists or b3-adrenoceptor agonists aims to inhibit detrusor contractions,
but overall results are unsatisfactory. Consequently, improved understanding of bladder
smooth muscle contraction and identification of novel compounds for its inhibition are
needed to develop alternative options. A role of the GTPase Rac1 for smooth muscle
contraction has been reported from the prostate, but is unknown in the human detrusor.
Here, we examined effects of the Rac inhibitors NSC23766, which may also antagonize
muscarinic receptors, and EHT1864 on contraction of human detrusor tissues.

Methods: Female and male human detrusor tissues were obtained from radical
cystectomy. Effects of NSC23766 (100 µM) and EHT1864 (100 µM) on detrusor
contractions were studied in an organ bath.

Results: Electric field stimulation induced frequency-dependent contractions of detrusor
tissues, which were inhibited by NSC23766 and EHT1864. Carbachol induced
concentration-dependent contractions. Concentration response curves for carbachol
were shifted to the right by NSC23766, reflected by increased EC50 values, but
unchanged Emax values. EHT1864 reduced carbachol-induced contractions, resulting in
reduced Emax values for carbachol. The thromboxane analog U46619 induced
concentration-dependent contractions, which remained unchanged by NSC23766, but
were reduced by EHT1864.

Conclusions: NSC23766 and EHT1864 inhibit female and male human detrusor
contractions. NSC23766, but not EHT1864 competitively antagonizes muscarinic
receptors. In addition to neurogenic and cholinergic contractions, EHT1864 inhibits
thromboxane A2-induced detrusor contractions. The latter may be promising, as the
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origin of spontaneous detrusor contractions in OAB is noncholinergic. In vivo, both
compounds may improve OAB-related LUTS.
Keywords: lower urinary tract symptoms (LUTS), overactive bladder (OAB), detrusor overactivity, bladder smooth
muscle contraction, Rac GTPases
INTRODUCTION

Storage symptoms affected up to 2.7 billion female and male
patients worldwide in 2018, and are commonly caused by
overactive bladder (OAB) (Andersson and Arner, 2004; Irwin
et al., 2011; Milsom et al., 2014; Powell et al., 2018). Symptoms
resulting from OAB include urgency, frequency, nocturia, or
incontinence, which are caused by spontaneous, exaggerated
contractions of bladder smooth muscle, referred to as detrusor
overactivity (DO) (Andersson and Arner, 2004). Consequently,
detrusor smooth muscle contraction is the target for medical
treatment of storage symptoms and OAB (Oelke et al., 2013;
Nambiar et al., 2018). Bladder emptying in a healthy condition is
caused by detrusor contractions induced by neurogenic
activation of muscarinic acetylcholine receptors on bladder
smooth muscle cells (Andersson and Arner, 2004; Andersson,
2011). Although the origin of spontaneous detrusor contractions
is not cholinergic and does not result from neurotransmission,
muscarinic receptor antagonists (“anticholinergics”) are
currently the first line option for medical treatment of storage
symptoms (Akino et al., 2008; Oelke et al., 2013; Kushida and
Fry, 2015; Nambiar et al., 2018). It has been assumed, that
anticholinergics improve symptoms by inhibition of detrusor
contractions (Andersson and Arner, 2004; Andersson, 2011).

Despite their prominent role in medical treatment of OAB and
storage symptoms, the efficacy of anticholinergics is limited (Oelke
et al., 2013; Nambiar et al., 2018). Certainly, reported efficacies vary
between studies, as they depend on numerous variables, including
study populations or endpoints. In fact, however, up to 45%–65% of
patients with storage symptoms are not satisfied by treatment with
anticholinergics (Sexton et al., 2011). Due to low efficacy and
unbalanced side effects, discontinuation rates are high, amounting
up to 90% one year after first prescription (Sexton et al., 2011). At
least partially, the limited efficacy of anticholinergics may be
explained by noncholinergic detrusor contractions. Spontaneous
contractions, which occur in OAB, are supposed to be caused by
adenosine triphosphate (ATP) (Akino et al., 2008; Kushida and Fry,
2016; McCarthy et al., 2019). In addition, different prostanoids
occur or are even produced within the bladder, which may induce
detrusor contraction independently from other mediators or in
concert with them (Collins et al., 2009; Rahnama’i et al., 2012).
Thus, several prostanoids, including thromboxane A2 may cause
detrusor smooth muscle contraction directly by activation of
corresponding receptors located on smooth muscle cells, but also
by prejunctional receptors enhancing the acetylcholine release from
cholinergic nerves (Palea et al., 1998; Rahnama’i et al., 2012).

As an alternative option, b3-adrenoceptor agonists have been
recently introduced for treatment of storage symptoms (Nambiar
et al., 2018). They may improve storage symptoms by decreasing
the bladder smooth muscle tone by inhibition of cholinergic
in.org 2
nerve activity via retrograde release of adenosine (D’Agostino
et al., 2000; Chapple et al., 2014; Silva et al., 2017; Igawa et al.,
2019; Silva et al., 2019). However, it becomes increasingly clear,
that their efficacy is not higher than that of anticholinergics
(Nambiar et al., 2018), so that the overall situation regarding
medical treatment of OAB and storage symptoms still remains
inadequate. Considering the limited efficacy of available
medications, high discontinuation rates, and the age-
dependency of prevalence together with the expected
demographic transition, novel options are of high demand
(Sexton et al., 2011). Development of such options requires
appropriate understanding of bladder smooth muscle
contractions, as well as identification of putative new targets
and new candidate compounds.

RacGTPases belong to the superfamily of small monomeric
GTPases (Takai et al., 2001; Wennerberg and Der, 2004). In
addition to their involvement in actin organization and cell cycle
progression, a possible Rac-dependent control of smooth muscle
contractions has been repeatedly suggested in recent years. Thus,
contractions of human prostate tissues can be inhibited by
inhibitors for RacGTPases (Wang et al., 2015; Yu et al., 2019).
Other studies suggested a role of RacGTPases in smooth muscle
contraction of airways, vessels, ileum, and urinary bladder in
mice (Rahman et al., 2014; Andre-Gregoire et al., 2017).
Consequently, an inhibition of human bladder smooth muscle
contraction by Rac inhibitors appears possible, but has to the best
of our knowledge not been reported to date. Here, we examined
effects of two Rac inhibitors, EHT1864 and NSC23766, on
neurogenic, cholinergic, and thromboxane A2-induced
contractions of female and male human detrusor tissues.
MATERIALS AND METHODS

Human Tissues
Detrusor tissues from 32 female and 38 male patients undergoing
radical cystectomy for bladder cancer were collected between
2015 and 2019. This study was carried out in accordance with the
Declaration of Helsinki of the World Medical Association, and
has been approved by the ethics committee of the Ludwig-
Maximilians University, Munich, Germany. Informed consent
was obtained from all patients. All samples and data were
collected and analyzed anonymously. Accordingly, no patients’
data were collected, stored, or analyzed in the context of this
study, and samples were not grouped for pathologic backgrounds
or any other condition. Sampling and macroscopic inspection of
bladders for tumor burden were performed by pathologists
within approximately 30 min following removal of bladders
from patients. Organ bath studies were started within 1 h
following sampling, i.e., approximately 1.5 h following surgical
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removal of the organs. For transport and storage, organs and
tissues were stored in Custodiol® solution (Köhler, Bensheim,
Germany). For macroscopic examination and sampling of
detrusor tissues, the bladder was opened by cutting from the
bladder outlet to the bladder dome. Subsequently, the
intravesical surface and bladder wall were checked
macroscopically for tumor infiltration. Tissues were taken from
the inner lateral bladder wall, provided that tumor burden in the
bladder wall allowed sampling. Urothelial layers were removed
from samples.

Tension Measurements
Strips of detrusor tissues (6 mm × 3 mm × 3 mm) were mounted
in 10 ml aerated (95% O2 and 5% CO2) tissue baths (Danish
Myotechnology, Aarhus, Denmark), containing Krebs-Henseleit
solution (37°C, pH 7.4) with following composition: 118 mM
NaCl, 4.7 mM KCl, 2.55 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 25 mM NaHCO3, and 7.5 mM glucose. Preparations
were stretched to 4.9 mN and left to equilibrate for 45 min. In the
initial phase of the equilibration period, spontaneous decreases
in tone are usually observed. Therefore, tension was adjusted
three times during the equilibration period, until a stable resting
tone of 4.9 mN was attained. After the equilibration period,
maximum contraction induced by 80 mM KCl was assessed.
Highmolar KCl resulted in biphasic responses, characterized by a
phasic contraction reaching a peak within few minutes after
addition of KCl (which was used for normalization, as described
below), followed by a decline to a tonic, stable contraction
(Supplementary Figure 1). After the peak of the tonic
contraction was obtained and contraction levels started to
decline to the tonic phase, chambers were washed three times
with Krebs-Henseleit solution for a total of 30 min, and a stable
resting tone (close to the first baseline before KCl) was attained
(Supplementary Figure 2). Thereafter, EHT1864 (final
concentration 100 µM), NSC23766 (final concentration 100
µM), or equivalent volumes of dimethylsulfoxide (DMSO)
(control for NSC23766) or water (control for EHT1864) were
added, and cumulative concentration response curves for
carbachol and U46619, or frequency response curves induced
by electric field stimulation (EFS) were created 30 min later.
Stock solutions of both inhibitors had concentrations of 10 mM,
so that 100 µl of stock solutions or of corresponding solvent were
added to organ bath chambers. Each chamber contained 10 ml
Krebs-Henseleit solution, resulting in concentrations of 0.99%
for DMSO and for solvent-related water.

Application of EFS simulates action potentials, resulting in
the release of endogenous neurotransmitters, including
acetylcholine. For EFS, tissue strips were placed between two
parallel platinum electrodes connected to a CS4 stimulator
(Danish Myotechnology, Denmark). Square pulses with
durations of 1 ms were applied with a voltage of 20 V, for a
train duration of 10 s. EFS-induced contractile responses were
studied at frequencies of 2, 4, 8, 16, and 32 Hz, with train
intervals of 30 s between stimulations.

For calculation of agonist- or EFS-induced contractions,
tensions (peak height in EFS-induced contractions and
maximum contractions following agonist-exposure) were
Frontiers in Pharmacology | www.frontiersin.org 3
expressed as % of 80 mM KCl-induced contractions
(maximum of phasic contraction). This may correct different
smooth muscle or tissue composition, individual variations
between bladders of different patients, or any other
heterogeneity between different bladders, which may result
from different pathologic backgrounds. Only one curve was
recorded with each sample (agonist or EFS, either for
EHT1864, NSC23766, or corresponding controls). In each
single experiment, samples from the same bladder were used
for one inhibitor and one control group, so that both curves in
each diagram were obtained using the same bladder. Emax values,
EC50 values for contractile agonists, and frequencies (f) inducing
50% of the maximum EFS-induced contraction (Ef50) were
calculated by curve fitting for each single experiment using
GraphPad Prism 6 (Statcon, Witzenhausen, Germany), and
analyzed as described below. EC50 values have been expressed
as –log (M).

Drugs and Nomenclature
5-(5-(7-(Trifluoromethyl)quinolin-4-ylthio)pentoxyl)-2-
(morpholinomethyl)-4H-pyran-4-one dihydrochloride
(EHT1864) and N6-[2-[[4-(Diethylamino)-1-methylbutyl]
am i n o ] - 6 -m e t h y l - 4 - p y r im i d i n y l ] - 2 -m e t h y l - 4 , 6 -
quinolinediamine trihydrochloride (NSC23766) are structurally
unrelated inhibitors of Rac GTPases (Gao et al., 2004; Akbar
et al., 2006; Shutes et al., 2007). Stock solutions (10 mM) were
prepared with DMSO (NSC23766) or water (EHT1864), and
kept at −20°C until use. Carbachol (carbamoylcholine) is a
muscarinic acetylcholine receptor agonist. Aqueous stock
solutions of carbachol (10 mM) and dilutions were freshly
prepared before each exper iment . U46619 ((Z)-7-
[(1S,4R,5R,6S)-5-[(E,3S)-3-hydroxyoct-1-enyl]-3-oxabicyclo
[2.2.1]heptan-6-yl]hept-5-enoic acid) is an agonist of the
thromboxane A2 receptor and was dissolved in ethanol. As
thromboxane A2 has a very short half-life of approximately 32
seconds, U46619 is commonly used as a thromboxane A2

receptor agonist (Malmsten, 1976; Shen and Tai, 1998). Stock
solutions (10 mM) were stored at −80°C until use. NSC23766,
EHT1864, and U46619 were obtained from Tocris (Bristol, UK),
and carbachol from Sigma (Munich, Germany).

NSC23766 and EHT1864 were here applied in concentrations
of 100 µM. This concentration was used, as it inhibited smooth
muscle contractions of human prostate tissues in previous
studies (Wang et al., 2015; Yu et al., 2019). This was paralleled
by inhibition of Rac1, but not of the closely related GTPase RhoA
(Wang et al., 2015). Both inhibitors inhibit RacGTPases but
probably by different mechanisms. NSC23766 inhibits
RacGTPases by preventing Rac interaction with Rac-specific
guanosine nucleotide exchange factors (GEFs), which are
upstream activators of GTPases (Gao et al., 2004; Akbar et al.,
2006). Its selectivity may be higher for Rac1 than for Rac2 or
Rac3, while inhibition of RhoA was not observed (Gao et al.,
2004; Akbar et al., 2006). Thus, in biochemical assays and in
cultured cells, NSC23766 inhibited Rac1 with an IC50 value
ranging at 50 µM, whereas even 200 µM did not inhibit RhoA
(Gao et al., 2004). EHT1864 binds with high affinity to
RacGTPases in biochemical assays in vitro (KD = 40 nM for
April 2020 | Volume 11 | Article 409
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Rac1, 50 nM for Rac1b, 60 nM for Rac2, 250 nM for Rac3)
(Shutes et al., 2007). In contrast to the binding affinity examined
in biochemical assays, inhibition of Rac activity by EHT1864 was
examined in cell culture models. To the best of our knowledge,
available data do not include clear IC50 values, but suggest that
this ranges around 5–10 µM in cultured cells, while even 25 µM
did not affect activities of RhoA or Cdc42 GTPase (Desire et al.,
2005; Shutes et al., 2007).

Statistical Analyses
Data are presented as means ± standard deviation (SD) with the
indicated number (n) of independent experiments. One-way
analysis of variance (ANOVA) was used for comparison of
whole concentration response curves, and two-way ANOVA
was used for comparison of contractions at single
concentrations. For comparison of paired groups in datasets
containing two groups (i.e., Emax and pEC50 values), a paired
Student’s t-test was applied. All tests were performed using the
SPSS® version 20 (IBM SPSS Statistics, IBM Corporation,
Armonk, New York, USA). P values <0.05 were considered
significant. Mean differences (MD) with 95% confidence
intervals (CI) were calculated using SPSS® version 20. The
present study and analyses were designed to be exploratory,
but not designed to test a pre-specified statistical null hypothesis.
P values of 0.05 or higher are not indicated, so that data sets
without p values do not show significant differences. Therefore, p
values reported here should be considered as descriptive and not
as hypothesis testing. The minimum number of experiments and
group sizes in organ bath experiments was pre-planned as n=5/
group, as a calculation of descriptive p values was intended.
Thus, data were extracted and analyzed, after at least five
experiments of a series were performed. Following this
analysis, series were discontinued if no effect was seen in
concentration response curves, or if descriptive p values <0.05
were obtained in concentration response curves (at single
frequencies/agonist concentrations, and/or between whole
groups). If these initial results did not reveal p values <0.05,
but suggested that an effect could be expected, series were
continued and analyzed again. This procedure was possible, as
our study was explorative but not designed to test a pre-specified
statistical null-hypothesis. In fact, flexible group sizes have been
recommended by guidelines for experimental design and analysis
in experimental pharmacology, if data are characterized by large
variations, what applies here (Curtis et al., 2015; Curtis et al.,
2018). Thus, all groups included in the statistical analyses were
based on five or more independent experiments and included
tissues from five or more patients in each group. Any
comparison (e.g., by statistical tests) was confined to paired
samples (i.e., tissues from the same bladder), precluding any
comparison between different series (e.g., of inhibitor effects in
female and male tissues). According to the paired design
(allocation of samples from each tissue to the control and
inhibitor groups), groups being compared with each other by
statistical tests showed identical group sizes. No data or
experiments were excluded from analyses. An exception from
these settings are some series of Emax and pEC50 values, as curve
fitting was not possible for all single experiments. Thus, curves
Frontiers in Pharmacology | www.frontiersin.org 4
did not allow automatic curve fitting in one of five single
experiments assessing EHT1864 on carbachol-induced
contractions in female tissues (resulting in four unpaired
values in both groups), and in one of seven single experiments
assessing EHT1864 on U46619-induced contractions in female
tissues (only in the EHT1864 group), so that calculation of Emax

and EC50 values was not possible for these single experiments.
Consequently, statistical analyses were omitted from analyses of
these series, as group sizes for these values were below n=5.
RESULTS

Effects of NSC23766 on EFS-Induced
Detrusor Contractions
EFS (2–32 Hz) induced frequency-dependent contractions of
female and male detrusor tissues, which were reduced by
NSC23766 (100 µM) (Figure 1, Supplementary Figure 3).
Following application of NSC23766, EFS-induced contractions
were lower than contractions in corresponding controls, i.e., after
application of DMSO (p < 0.007 for controls vs. NSC23766 in
female tissues, p < 0.04 for controls vs. NSC23766 in male tissues,
for whole groups) (Figure 1, Table 1).

Inhibition of EFS-induced contractions was confirmed by
calculation of Emax values by curve fitting, which was possible for
all single experiments and all groups. For female tissues, curve
fitting revealed Emax values for EFS-induced contractions of 155%±
30% of KCl-induced contractions following application of DMSO,
and 87% ± 49% following application of NSC23766 (p < 0.02) (MD
−67% of KCl-induced contraction [95% CI: −111 to −23]) (Figure
1A). For male tissues, curve fitting revealed Emax values for EFS-
induced contractions of 181% ± 65% of KCl-induced contractions
following application of DMSO, and 131% ± 45% following
application of NSC23766 (p=0.057) (MD −50% of KCl-induced
contraction [95% CI: −101 to 2.1]) (Figure 1B).

Calculation of frequencies inducing 50% of the maximum
EFS-induced contraction (Ef50) by curve fitting was possible for
all single experiments and all groups, and suggested no effect of
NSC23766 on Ef50 values. For EFS-induced contractions of
female tissues, curve fitting revealed Ef50 values of 6.3 Hz ±2.3
Hz following application of DMSO, and 5.2 Hz ±2.7 Hz
following application of NSC23766 (MD −1.1 Hz [95%
CI: −5.5 to 3.4]) (Figure 1A). For EFS-induced contractions of
male tissues, curve fitting revealed Ef50 values of 6.0 ± 2.2 Hz
following application of DMSO, and 4.4 Hz ±1.7 Hz following
application of NSC23766 (MD −1.5 Hz [95% CI: −4.0 to 1.0])
(Figure 1B).
Effects of EHT1864 on EFS-Induced
Detrusor Contractions
EFS-induced contractions of female and male detrusor tissues
were reduced by EHT1864 (100 µM) (Figure 2, Supplementary
Figure 3). Following application of EHT1864, EFS-induced
contractions were lower than contractions in corresponding
controls, i.e., after application of water (p < 0.001 for controls
April 2020 | Volume 11 | Article 409
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vs. EHT1864 in female tissues, p < 0.002 for controls vs.
EHT1864 in male tissues, for whole groups) (Figure 2, Table 1).

Inhibition of EFS-induced contractions was confirmed by
calculation of Emax values by curve fitting, which was possible for
Frontiers in Pharmacology | www.frontiersin.org 5
all single experiments and all groups. For female tissues, curve
fitting revealed Emax values for EFS-induced contractions of
178% ± 23% of KCl-induced contractions following application
of water, and 54% ± 39% following application of EHT1864 (p <
TABLE 1 | Mean differences (MD) for EFS-induced contractions after application of NSC23766 (100 µM), EHT1864 (100 µM), or dimethylsulfoxide (DMSO) or water as
controls, shown for each frequency and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions). Differences in contraction at
given agonist concentrations were calculated for each single experiment (i.e., between inhibitor and control group, for corresponding, paired samples from the same
bladder in each single experiment, and are expressed as MD with 95% CI. Data are based on experiments on series with n=5 female and n=6 male bladders for
NSC23766, and n=5 female and n=5 male bladders for EHT1864.

EFS, frequency

2 Hz 4 Hz 8 Hz 16 Hz 32 Hz

NSC23766 female 14.4
[−29.8 to 58.6]

−20.6
[−70.9 to 29.6]

−47.7
−98.4 to 3.0]

−76.9
[−130.4 to −23.3]

−55.4
[−93.2 to −17.6]

male 3.6
[−36.6 to 43.8]

−16.7
[−57.1 to 23.7]

−52.8
[−119.5 to 13.9]

−64.8
[−133.2 to 3.6]

−17.1
[−53.1 to 18.9]

EHT1864 female −59.0
[−112.0 to −6.0]

−72.7
[−111.7 to −33.8]

−88.3
[−135.3 to −41.3]

−131.1
[−197 to −64.7]

−128.3
[−174 to −82.4]

male −35.2
[−65.4 to −5.0]

−83.2
[−185.9 to 19.6]

−103.2
[−241.6 to 35.2]

−129.9
[−281.2 to 21.5]

−90.0
[−169.2 to −10.8]
April 2020 | Volum
A
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FIGURE 1 | Effects of NSC23766 on electric field stimulation (EFS)–induced contractions of human detrusor tissues. Contractions of female (A) and male (B) tissues
from the lateral urinary bladder wall were induced by EFS in an organ bath, 30 min after addition of NSC23766 (100 µM) or an equivalent amount of
dimethylsulfoxide (DMSO) (controls), which was used as solvent for NSC23766. The stock solution of NSC23766 had a concentration of 10 mM, so that 100 µl of
stock solution or DMSO was added to organ bath chambers. Each chamber contained 10 ml Krebs-Henseleit solution, resulting in a concentration of 0.99% for
DMSO. Shown are data from n=5 female and n=6 male patients, which are means ± SD in frequency response curves (#p < 0.05 for control vs. NSC23766 by two-
way ANOVA, and p values for whole groups in inserts from 1-way ANOVA), and Emax values and frequencies inducing 50% of the maximum EFS-induced
contraction (Ef50) for single experiments (calculated by curve fitting) in scatter plots (p value from paired Student’s t-test).
e 11 | Article 409
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0.004) (MD −124% of KCl-induced contraction [95% CI: −179 to
−69]) (Figure 2A). For male tissues, curve fitting revealed Emax

values for EFS-induced contractions of 206% ± 153% of KCl-
induced contractions following application of water, and 94% ±
57% following application of EHT1864 (p=0.04) (MD −112% of
KCl-induced contraction [95% CI: −215 to −8]) (Figure 2B).

Calculation of Ef50 values by curve fitting was possible for all
single experiments and all groups, and suggested no effect of
EHT1864 on Ef50 values for frequencies in EFS. For EFS-induced
contractions of female tissues, curve fitting revealed Ef50 values of
6.5 Hz ±2.2 Hz following application of water, and 5.6 Hz ±2.3
Hz following application of EHT1864 (MD −0.9 Hz [95% CI:
−3.0 to 1.2]) (Figure 2A). For EFS-induced contractions of male
tissues, curve fitting revealed Ef50 values of 8.8 Hz ±4.0 Hz
following application of water, and 8.0 ± 0.4 Hz following
application of EHT1864 (MD −0.8 Hz [95% CI: −5.0 to 3.4])
(Figure 2B).
Frontiers in Pharmacology | www.frontiersin.org 6
Effects of NSC23766 on Carbachol-
Induced Detrusor Contractions
Carbachol (0.1–100 µM) induced concentration-dependent
contractions of female and male detrusor tissues (Figure 3).
Application of NSC23766 (100 µM) resulted in a rightward shift
of concentration response curves for carbachol, which was clearly
seen using tissues from male patients, and partially using tissues
from female patients (Figure 3, Supplementary Figure 4). Thus,
following application of NSC23766, contractions induced by
carbachol concentrations up to 3 µM were lower than
contractions in corresponding controls, i.e., after application of
DMSO, while maximum contractile forces (observed at carbachol
concentrations of 3–30 µM) were not changed (Figure 3, Table 2).
Thus, maximum contractions recovered at high carbachol
concentrations (30–100 µM) in the NSC23766 group in both
genders (Figure 3, Table 2). In female bladders, contractions
stayed lower or were similar after application of NSC23766
A

B

FIGURE 2 | Effects of EHT1864 on electric field stimulation (EFS)–induced contractions of human detrusor tissues. Contractions of female (A) and male (B) tissues
from the lateral urinary bladder wall were induced by EFS in an organ bath, 30 min after addition of EHT1864 (100 µM) or an equivalent amount of water (controls),
which was used as solvent for EHT1864. The stock solution of EHT1864 had a concentration of 10 mM, so that 100 µl of water was added to organ bath
chambers. Each chamber contained 10 ml Krebs-Henseleit solution, resulting in a concentration of 0.99% for solvent-related water. Shown are data from n=5 female
and n=6 male patients, which are means ± SD in frequency response curves (#p < 0.05 for control vs. EHT1864 by two-way ANOVA, and p values for whole groups
in inserts from 1-way ANOVA), and Emax values and frequencies inducing 50% of the maximum EFS-induced contraction (Ef50) for single experiments (calculated by
curve fitting) in scatter plots (p value from paired Student’s t-test).
April 2020 | Volume 11 | Article 409

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. Rac Inhibitors Inhibit Detrusor Contraction
compared to DMSO at all carbachol concentrations (p < 0.005)
(Figure 3A,Table 2). Inmale bladders, contractions at 30–100 µM
carbachol were even higher in the NSC23766 than in the DMSO
group (Figure 3B, Table 2). Consequently, statistical tests to
Frontiers in Pharmacology | www.frontiersin.org 7
compare the whole groups with each other (control vs.
NSC23766) were not meaningful for male bladders.

The rightward shift of concentration response curves for
carbachol was confirmed by calculation of Emax and pEC50
TABLE 2 | Mean differences (MD) for carbachol-induced contractions after application of NSC23766 (100 µM), EHT1864 (100 µM), or DMSO or water as controls,
shown for each applied carbachol concentration and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions). Differences in
contraction at given agonist concentrations were calculated for each single experiment (i.e., between inhibitor and control group, for corresponding, paired samples from
the same bladder in each single experiment, and are expressed as MD with 95% CI. Data are based on experiments on series with n=6 female and n=9 male bladders
for NSC23766, and n=3 female (see text) and n=5 male bladders for EHT1864 (experiments, where curve fitting was not possible and resulted in unpaired values, were
excluded, what concerns two experiments with female bladder and EHT1864).

carbachol concentration

0.1 µM 0.3 µM 1 µM 3 µM 10 µM 30 µM 100 µM

NSC23766 female −6.6
[−24.9 to 11.7]

−43.3
[−74.6 to −12.0]

−26.3
[−51.0 to −1.7]

−45.0
[−107.4 to 17.5]

−30.1
[−85.7 to 25.4]

−18.1
[−81.9 to 45.6]

−2.4
[−45.1 to 40.3]

male −14.1
[−21.5 to −6.7]

−36.5
[−50.6 to −22.5]

−61.3
[−87.1 to −35.5]

−64.8
[−92.4 to −37.2]

−29.4
[−49.5 to −9.4]

28.4
[1.6 to 55.2]

39.1
[10.7 to 67.5]

EHT1864 female −51.4
[−92.4 to 10.3]

−53.9
[−70.8 to −36.9]

−51.9
[−90.0 to −13.8]

−31.5
[−63.6 to 0.6]

−52.9
[−102.0 to −3.7]

−52.2
[−101.9 to −2.5]

−53.9
[−111.8 to 4.0]

male −30.2
[−64.3 to 3.8]

−55.3
[−101.5 to −9.0]

−63.3
[−81.9 to −44.6]

−61.5
[−95.7 to −27.3]

−62.6
[−76.7 to −48.6]

−51.1
[−81.7 to −20.6]

−58.0
[−83.6 to −32.4]
April 2020 | Volume
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FIGURE 3 | Effects of NSC23766 on carbachol-induced contractions of human detrusor tissues. Contractions of female (A) and male (B) tissues from the lateral
urinary bladder wall were induced by cumulative concentrations of carbachol in an organ bath, 30 min after addition of NSC23766 (100 µM) or an equivalent amount
of dimethylsulfoxide (DMSO) (controls), which was used as solvent for NSC23766. The stock solution of NSC23766 had a concentration of 10 mM, so that 100 µl of
stock solution or DMSO was added to organ bath chambers. Each chamber contained 10 ml Krebs-Henseleit solution, resulting in a concentration of 0.99% for
DMSO. Shown are data from n=6 female and n=9 male patients, which are means ± SD in concentration response curves (#p < 0.05 for control vs. NSC23766 by
two-way ANOVA, and p values for whole groups in inserts from 1-way ANOVA), and Emax and pEC50 values for single experiments (calculated by curve fitting) in
scatter plots (p value from paired Student’s t-test).
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values by curve fitting, which was possible for all single
experiments and all groups. For female tissues, curve fitting
revealed Emax values for carbachol-induced contractions of 123% ±
65% of KCl-induced contractions following application of DMSO,
and 120% ± 44% following application of NSC23766 (p=0.9)
(MD −3% of KCl-induced contraction [95% CI: −47 to 40])
(Figure 3A). For male tissues, curve fitting revealed Emax values
for carbachol-induced contractions of 122% ± 30% of KCl-
induced contractions following application of DMSO, and 149%
± 36% following application of NSC23766 (p < 0.04) (MD 27% of
KCl-induced contraction [95% CI: 3 to 50]) (Figure 3B).

Calculation of EC50 values by curve fitting was possible for all
single experiments and all groups, and reflected the rightward
shift of concentration response curves for carbachol by
NSC23766 (Figure 3). Thus, EC50 values for carbachol were
increased by NSC23766 in female and male detrusor tissues
(Figure 3). For female tissues, curve fitting revealed pEC50 values
of 8.3 ± 3.3 M following application of DMSO, and 5.7 ± 0.8 M
following application of NSC23766 (p=0.07) (MD −2.6 [95% CI:
−5.6 to 0.4]) (Figure 3A). For male tissues, curve fitting revealed
Frontiers in Pharmacology | www.frontiersin.org 8
pEC50 values of 6.8 ± 0.5 M following application of DMSO, and
5.5 ± 0.5 M following application of EHT1864 (p < 0.001) (MD
−1.3 [95% CI: −1.6 to −1.0]) (Figure 3B).

Effects of EHT1864 on Carbachol-Induced
Detrusor Contractions
Carbachol-induced contractions of female and male detrusor
tissues were reduced by EHT1864 (Figure 4, Supplementary
Figure 4). Following application of EHT1864, carbachol-induced
contractions were lower than contractions in corresponding
controls, i.e., after application of water (p < 0.001 for controls
vs. EHT1864 in female and male tissues, for whole groups)
(Figure 4, Table 2). A rightward shift, as it was seen for
NSC23766 in carbachol-induced contraction at least for male
tissues, was not observed for EHT1864 (Figure 4).

Inhibition of carbachol-induced contractions was confirmed
by calculation of Emax values by curve fitting. For female tissues,
curve fitting was possible for four of five single experiments, in
both the control and the EHT1864 group, so that statistical
analysis was omitted for these values. Curve fitting revealed Emax
A

B

FIGURE 4 | Effects of EHT1864 on carbachol-induced contractions of human detrusor tissues. Contractions of female (A) and male (B) tissues from the lateral
urinary bladder wall were induced by cumulative concentrations of carbachol in an organ bath, 30 min after addition of EHT1864 (100 µM) or an equivalent amount
of water (controls), which was used as solvent for EHT1864. The stock solution of EHT1864 had a concentration of 10 mM, so that 100 µl of water was added to
organ bath chambers. Each chamber contained 10 ml Krebs-Henseleit solution, resulting in a concentration of 0.99% for solvent-related water. Shown are data from
n=5 female and n=5 male patients, which are means ± SD in concentration response curves (#p < 0.05 for control vs. EHT1864 by two-way ANOVA, and p values
for whole groups in inserts from 1-way ANOVA), and Emax and pEC50 values for single experiments (calculated by curve fitting) where calculation was possible (see
text) in scatter plots (p value from paired Student’s t-test).
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values for carbachol-induced contractions of female detrusor of
81% ± 50% of KCl-induced contractions following application of
water, and 36% ± 23% following application of EHT1864 (MD
−37% of KCl-induced contraction [95% CI: −125 to 51], on the
basis of three available, paired values) (Figure 4A). For male
tissues, curve fitting was possible for all single experiments and
both groups, and revealed Emax values for carbachol-induced
contractions of 120% ± 32% of KCl-induced contractions
following application of water, and 61% ± 32% following
application of EHT1864 (p < 0.001) (MD −59% of KCl-
induced contraction [95% CI: −74 to −43]) (Figure 4B).

Calculation of EC50 values for female detrusor tissues by
curve fitting was possible for four of five single experiments, in
both the control and the EHT1864 group, and for all single
experiments of this series for male tissues. A small increase of
EC50 values was observed for male bladders, while no effect was
seen for female bladders (Figure 4). Thus, curve fitting revealed
pEC50 values of 6.7 M ±1.1 M following application of water and
5.8 M ±1.0 M following application of EHT1864 for carbachol in
female tissues (Figure 4A) (MD −0.5 [95% CI: −4.0 to 3.0], on
the basis of three available, paired values), and 8.2 M ±1.8 M
following application of water and 6.5 M ±0.4 M following
application of EHT1864 (p=0.1) (MD −1.8 [95% CI: −3.9 to
0.4]) for carbachol in male tissues (Figure 4B).

Effects of NSC23766 on U46619-Induced
Detrusor Contractions
U46619 (0.1–30 µM) induced concentration-dependent
contractions of female and male detrusor tissues (Figure 5).
Application of NSC23766 (100 µM) did not change
concentration response curves for U46619 (Figure 5, Table 3).

The effect of NSC23766 on concentration response curves for
U46619 was confirmed by calculation of Emax values by curve
fitting, which was possible for all single experiments and all
groups in both genders. For female tissues, curve fitting revealed
Emax values for U46619-induced contractions of 27% ± 12% of
KCl-induced contractions following application of DMSO, and
24% ± 8% following application of NSC23766 (p=0.6) (MD −3%
Frontiers in Pharmacology | www.frontiersin.org 9
of KCl-induced contraction [95% CI: −16 to 10]) (Figure 5A).
For male tissues, curve fitting revealed Emax values for U46619-
induced contractions of 30% ± 21% of KCl-induced contractions
following application of DMSO, and 31% ± 17% following
application of NSC23766 (p=0.9) (MD 1% of KCl-induced
contraction [95% CI: −12 to 13]) (Figure 5B).

Calculation of EC50 values by curve fitting was possible for all
single experiments and all groups in both genders. Although no
curve shift was observed in concentration response curves,
calculation of pEC50 values suggested decreases of EC50 values
for U46619 (Figure 5). However, this may concern only two
from five experiments in female, and two from seven
experiments in male tissues (Figure 5). Thus, curve fitting
revealed pEC50 values of 6.7 ± 0.5 M following application of
DMSO and 8.1 ± 3M following application of NSC23766 (p=0.3)
for U46619 in female tissues (MD 1.4 [95% CI: −2.8 to 5.6])
(Figure 5A), and 6.8 ± 2.7 M following application of DMSO and
7.5 ± 2.7 M following application of NSC23766 (p=0.6) (MD 0.7
[95% CI: −1.4 to 2.8]) for U46619 in male tissues (Figure 5B).

Effects of EHT1864 on U46619-Induced
Detrusor Contractions
U46619-induced contractions of female and male detrusor
tissues were reduced by EHT1864 (Figure 6). Following
application of EHT1864, U46619-induced contractions were
lower than contractions in corresponding controls, i.e., after
application of water (p < 0.001 for controls vs. EHT1864 in
female and male tissues, for whole groups) (Figure 6, Table 3).

Inhibition of U46619-induced contractions was confirmed by
calculation of Emax values by curve fitting. For female tissues,
curve fitting was possible for five of six single experiments in the
EHT1864 group and all single experiments in the control group.
Due to the unpaired character of these data, statistical analysis
was omitted for these values. This revealed Emax values for
U46619 of 20% ± 11% of KCl-induced contractions following
application of water, and 10% ± 12% following application of
EHT1864 (MD −9% of KCl-induced contraction [95% CI: −36 to
18], on the basis of five available, paired values) (Figure 6A). For
TABLE 3 | Mean differences (MD) for U46619-induced contractions after application of NSC23766 (100 µM), EHT1864 (100 µM), or dimethylsulfoxide (DMSO) or water
as controls, shown for each applied U46619 concentration and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions).
Differences in contraction at given agonist concentrations were calculated for each single experiment (i.e., between inhibitor and control group, for corresponding, paired
samples from the same bladder in each single experiment, and are expressed as MD with 95% CI. Data are based on experiments on series with n=5 female and n=7
male bladders for NSC23766, and n=5 female and n=5 male bladders for EHT1864 (experiments, where curve fitting was not possible and resulted in unpaired values,
were excluded, what concerns one experiment with female bladder and EHT1864).

U46619 concentration

0.1 µM 0.3 µM 1 µM 3 µM 10 µM 30 µM

NSC23766 female −1.7
[−11.9 to 8.4]

−2.1
[−13.2 to 9.1]

−2.3
[−14.6 to 10.0]

−4.6
[−16.7 to 7.5]

−2.5
[−15.8 to 10.7]

−3.6
[−16.0 to 8.7]

male 3.5
[−9.8 to 16.8]

3.4
[−10.1 to 16.8]

0.0
[−11.8 to 11.7]

4.1
[−5.4 to 13.7]

0.7
[−11.1 to 12.6]

−0.4
[−12.8 to 12.0]

EHT1864 female −7.4
[−13.9 to −0.9]

−8.4
[−19.0 to 2.2]

−10.1
[−19.3 to −0.9]

−10.4
[−21.7 to 1.0]

−9.2
[−23.5 to 5.1]

−11.2
[−30.6 to 8.1]

male −7.2
[−20.4 to 6.0]

−8.6
[−23.9 to 6.8]

−9.7
[−25.3 to 5.9]

−7.8
[−20.8 to 5.1]

−6.5
[−19.1 to 6.1]

−8.6
[−16.9 to −0.3]
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male tissues, curve fitting was possible for all single experiments
and both groups, and revealed Emax values for U46619 of 20% ±
6% of KCl-induced contractions following application of water,
and 10% ± 8% following application of EHT1864 (p < 0.02)
(MD −10% of KCl-induced contraction [95% CI: −17 to −3])
(Figure 6B).

Calculation of EC50 values for female detrusor tissues by
curve fitting was possible for five of six single experiments in the
EHT1864 group and all single experiments in the control group,
and revealed pEC50 values for U46619 of 8.9 M ±2.7 M following
application of water, and 6.6% ± 2.3% following application of
EHT1864 (MD −3.1 [95% CI: −8 to 1.9], on the basis of five
available, paired values) (Figure 6A). For male tissues, curve
fitting was possible for all single experiments and both groups,
and revealed pEC50 values for U46619 of 6.5 M ±2.3 M following
application of water, and 6.8 M ±2.1 M following application of
EHT1864 (MD 0.2 [95% CI: −0.5 to 1.0]) (Figure 6B).
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DISCUSSION

The findings of this study suggest that NSC23766 and EHT1864,
two different Rac inhibitors, inhibit smooth muscle contractions
of tissues from the female and male human bladder wall. Both
inhibitors inhibited EFS-induced contractions in tissues from
both genders, which was observed at single frequencies and for
calculated Emax values. NSC23766 shifted concentration
response curves for carbachol to the right in tissues from male
patients, and increased the EC50 but did not reduce the Emax

values for carbachol in tissues from both genders. In contrast,
EHT1864 reduced the maximum effects of carbachol, which was
significant for male tissues, and by trend observed for female
tissues. U46619-induced contractions were reduced by EHT1864
in both genders, but remained unaffected by NSC23766.

Rac GTPases occur in three isoforms designated to as Rac1-3,
and belong to the superfamily of small monomeric GTPases
A

B

FIGURE 5 | Effects of NSC23766 on U46619-induced contractions of human detrusor tissues. Contractions of female (A) and male (B) tissues from the lateral
urinary bladder wall were induced by cumulative concentrations of the thromboxane A2 analog U46619 in an organ bath, 30 min after addition of NSC23766 (100
µM) or an equivalent amount of dimethylsulfoxide (DMSO) (controls), which was used as solvent for NSC23766. The stock solution of NSC23766 had a
concentration of 10 mM, so that 100 µl of stock solution or DMSO were added to organ bath chambers. Each chamber contained 10 ml Krebs-Henseleit solution,
resulting in a concentration of 0.99% for DMSO. Shown are data from n=5 female and n=7 male patients, which are means ± SD in concentration response curves,
and Emax and pEC50 values for single experiments (calculated by curve fitting) in scatter plots (p value from paired Student’s t-test).
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comprising at least 25 members in addition to Rac, including
RhoA (Takai et al., 2001; Wennerberg and Der, 2004). While the
role of RhoA for promotion of smooth muscle contraction is well
established for all smooth muscle tissues (Somlyo and Somlyo,
2000; Somlyo and Somlyo, 2003; Christ and Andersson, 2007;
Puetz et al., 2009), a similar role for RacGTPases has been
proposed more recently. NSC23766 and EHT1864 inhibited
contractions of human prostate tissues, so that a procontractile
role of Rac1 has been proposed for prostate smooth muscle
(Wang et al., 2015; Yu et al., 2019). These previous and our
present findings for the detrusor and prostate are in line with
other studies, where Rac inhibitors inhibited cholinergic,
serotonin-, and endothelin-induced contractions of airway
tissues from humans, mice and rats, as well as adrenergic and
serotonin-induced contractions of rodent vessels, and
contractions of the mouse ileum (Staiculescu et al., 2013;
Rahman et al., 2014; Shibata et al., 2015; Andre-Gregoire et al.,
Frontiers in Pharmacology | www.frontiersin.org 11
2017; Harvey et al., 2017; Sakai et al., 2018). This role of Rac
suggested by inhibitor experiments has been confirmed by
knockout of Rac1 expression in mice, which reduced
contractions in airway, vascular and gastrointestinal smooth
muscle (Rahman et al., 2014; Andre-Gregoire et al., 2017).
Finally, carbachol-induced bladder contractions of mice were
inhibited by NSC23766, EHT1864, and Rac1 knockout (Rahman
et al., 2014). Here we show, that both inhibitors also inhibit
bladder smooth muscle contractions in female and male humans.

We observed that cholinergic detrusor contractions were
inhibited by competitive receptor antagonism by NSC23766,
and noncompetitively by EHT1864. EHT1864, but not
NSC23766 inhibited U46619-induced contractions. Together,
this points to divergent pharmacologic profiles of both
inhibitors, what is in line with previous findings. NSC23766
acts in fact as a competitive antagonist at muscarinic
acetylcholine receptors (Levay et al., 2013), in addition to Rac
A

B

FIGURE 6 | Effects of EHT1864 on U46619-induced contractions of human detrusor tissues. Contractions of female (A) and male (B) tissues from the lateral urinary
bladder wall were induced by cumulative concentrations of the thromboxane A2 analog U46619 in an organ bath, 30 min after addition of EHT1864 (100 µM) or an
equivalent amount of water (controls), which was used as solvent for EHT1864. The stock solution of EHT1864 had a concentration of 10 mM, so that 100 µl of
water was added to organ bath chambers. Each chamber contained 10 ml Krebs-Henseleit solution, resulting in a concentration of 0.99% for solvent-related water.
Shown are data from n=6 female and n=5 male patients, which are means ± SD in concentration response curves (#p < 0.05 for control vs. EHT1864 by two-way
ANOVA, and p values for whole groups in inserts from 1-way ANOVA), and Emax and pEC50 values for single experiments (calculated by curve fitting) where
calculation was possible (see text) in scatter plots (p value from paired Student’s t-test).
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inhibition. Here, NSC23766 caused rightward shifts for
carbachol-induced contractions of male detrusor tissues,
resulting in reduced pEC50 values, and unchanged maximum
contractions in concentration response curves or even elevated
calculated Emax values, together reflecting antagonism of
cholinergic receptors. A typical rightward shift for carbachol-
induced contractions did not occur for female tissues. However,
conclusions may be similar, as at least a nonsignificant decrease
in pEC50 values and reduced contractions at low carbachol
concentrations, and no decrease of maximum contractions or
of calculated Emax values were observed. Therefore, and because
NSC23766 did not inhibit U46619-induced detrusor
contractions, it may be assumed, that muscarinic antagonism
may be the predominant mechanism of contraction inhibition by
NSC23766 in our study, although an involvement of GEF-
mediated Rac activation can not be excluded. Whether gender-
specific differences account for the slight differences of
NSC23766 effects in female and male tissues or not, e.g.,
differential expression patterns of Rac isoforms, can not be
estimated on the basis of our data.

For the prostate, cytotoxic effects of NSC23766 and EHT1864
were recently excluded to account for contraction inhibition in
organ bath experiments, as these effects did not occur quickly
enough (Yu et al., 2019). As very similar conditions were applied
here to bladder tissues, it appears unlikely, that cytotoxic effects
underly the inhibitory effect on detrusor contraction in our
study. Details of the possible procontractile role of Rac in
detrusor smooth muscle contraction can not be derived on the
basis of our present data, and need to be addressed by future
studies. Previous studies pointed to organ-specific mechanisms,
which may involve myosin light chain phosphorylation and its
upstream pathways in vessels and airways, and to actin
organization in the prostate (Wang et al., 2015; Shibata et al.,
2015; Andre-Gregoire et al., 2017; Sakai et al., 2018). Molecular
details explaining the inhibition of smooth muscle contraction
observed here using detrusor tissues need to be examined in
future studies, and may diverge for both inhibitors, as EHT1864,
but not NSC23766 inhibited U46619-induced contractions.
Nevertheless, and in line with previous data, our findings
suggest a role of Rac in intracellular signaling, which positively
regulates detrusor smooth muscle contractions. Previous studies
addressing procontractile signaling in bladder smooth muscle
focussed on RhoA/Rho kinase, phospholipase C/calcium, and
protein kinase C, which are shared by all smooth muscle types
(Somlyo and Somlyo, 2000; Somlyo and Somlyo, 2003). With
Rac, our present findings may uncover a novel player in human
detrusor smooth muscle contraction. This may reflect, that the
molecular mechanisms of detrusor smooth muscle contraction
are still incompletely understood. Gender differences were
principally confined to the above-mentioned differences in
effects of NSC23766 on carbachol-induced contractions,
pointing to a similar relevance of the NSC23766- and
EHT1864-sensitive mechanisms in female and male bladders.

Our study may contain several limitations. The origin of EFS-
induced contractions in our tissues has not been characterized.
In previous studies, EFS-induced contractions of human
Frontiers in Pharmacology | www.frontiersin.org 12
detrusor tissues were largely or even completely mediated by
neurotransmission (Kinder and Mundy, 1985; Saito et al., 1993;
Tonini et al., 1994; Tagliani et al., 1997). It appears likely that this
may also apply to our experiments. However, conditions may
vary between studies, and in fact, the neurogenic character of
these contractions was not confirmed in our study. Similarly, the
involved neurotransmitters accounting for EFS-induced
contractions in our tisses were not identified. Neurogenic
contractions of detrusor tissues are assumed to be largely or
solely cholinergic under normal conditions, while purinergic
contractions may contribute to detrusor smooth muscle tone
under pathologic conditions, including DO and OAB (Saito
et al., 1993; Palea et al., 1995; D’Agostino et al., 2000; Elliott
et al., 2013; Andersson, 2015; Kushida and Fry, 2015; Andersson
et al., 2018). The identity of neurotransmitters, a possible
purinergic contribution to smooth muscle tone, and the
pathological background have not been addressed in our
tissues. Tissues for our study were obtained from patients
undergoing radical cystectomy for bladder cancer, and were
not grouped for OAB or LUTS, but anonymized after
sampling. Accordingly, no patients’ data were stored or
analyzed in the context of our study. Consequently, our
findings may not be specific for OAB or DO, and tissues may
be characterized by high heterogeneity including different tumor
burden, varying degree of storage symptoms, inflammation, or
others. A comparison to nondiseased controls was not possible,
as such samples are not available under comparable conditions.
Together, these heterogeneities may contribute to large
variations of EC50 values and standard deviations. As force
development may depend on mentioned heterogeneities, but
also on individual tissue composition, smooth muscle condition,
or similar variables, contractions were referred to nerve- and
receptor-independent contractions induced by highmolar KCl in
our study. For possible individual variations, we only compared
differences between paired samples, i.e., between samples
obtained from the same bladders. This precluded comparisons
between different series, e.g., effects of NSC23766 on EFS
between female and male bladders, which appeared slightly
different. Notably, it was possible to observe effects of Rac
inhibitors despite these limitations, what may underline the
relevance of their targets for regulation of detrusor smooth
muscle contraction.

Inhibition of detrusor smooth muscle contraction is assumed
to underly the beneficial effects of anticholinergics and b3-
agonists, which are applied for medical treatment of storage
symptoms (Andersson and Arner, 2004; Andersson, 2011; Oelke
et al., 2013; Nambiar et al., 2018). However, their efficacy is
clearly limited (Nambiar et al., 2018). Nevertheless,
improvements by anticholinergics are observed, although
muscarinic receptors or neurogenic mediators are not
responsible for the spontaneous detrusor contractions in OAB
(Akino et al., 2008; Kushida and Fry, 2015). It could be
speculated that EHT1864 improves storage symptoms with
higher efficacy than anticholinergics, as EHT1864 did not only
inhibit cholinergic and neurogenic detrusor contractions, but
also U46619-induced contractions. Thromboxane A2 may act as
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a paracrine mediator of smooth muscle contraction in the
urinary bladder and other organs, including the prostate
(Strittmatter et al., 2011; Rahnama’i et al., 2012; Hennenberg
et al., 2013; Hennenberg et al., 2017). In OAB, thromboxane A2

and other prostanoinds may account for spontaneous detrusor
contractions (Collins et al., 2009; Rahnama’i et al., 2012).

Previous animal studies, performed in nonurologic context,
demonstrated that NSC23766 and EHT1864 can be applied in
vivo, where they may be tolerated at least for short time intervals. In
addition to inhibition of detrusor contraction shown here,
NSC23766 and EHT1864 inhibited prostate smooth muscle
contraction and growth of prostate cells, which contribute to
bladder outlet obstruction and finally LUTS suggestive of benign
prostatic hyperplasia (BPH) (Wang et al., 2015; Yu et al., 2019).
Consequently, it appears possible, that Rac inhibitors may interfere
with obstructive and storage symptoms at once. In fact, it is now
clear that manymale patients suffer for both kinds of LUTS, referred
to as mixed LUTS (Fullhase et al., 2013; Oelke et al., 2013). To date,
combination therapies are still required, which are, however,
afflicted by high discontinuation rates (Fullhase et al., 2013).
Compounds such as Rac inhibitors may offer the possibility to
develop single compound medications for treatment of mixed
LUTS. Whether the translational value of NSC23766 and
EHT1864 is limited by side effects or not, still needs to be
addressed. Hypotensive side effects, similar to those resulting from
application of a1-adrenoceptor antagonists in male LUTS (Oelke
et al., 2013), must not necessarily result from Rac inhibitors. Rather,
hypertensive effects could be expected, as Rac1 knockout in mice
was associated with hypertension, due to increased vascular
resistance resulting from disruption of nitric oxide-induced
vasorelaxation (Andre et al., 2014). Notably, the present together
with previous findings demonstrate that compounds addressing
smooth muscle contraction in the detrusor and prostate, plus
prostate growth all at once could be available.
CONCLUSIONS

NSC23766 and EHT1864 inhibit female and male human detrusor
contractions, but show divergent pharmacologic profiles. The
previously presumed antagonism of NSC23766 at muscarinic
receptors is reflected by its effect on neurogenic and cholinergic
detrusor contractions. In addition to neurogenic and cholinergic
contractions, EHT1864 inhibits thromboxane A2-induced detrusor
contractions. The latter may be promising, as the origin of
spontaneous detrusor contractions in OAB is noncholinergic. In
vivo, both compounds may improve LUTS attributed to OAB.
Frontiers in Pharmacology | www.frontiersin.org 13
DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/
Supplementary Material.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethikkommission bei der LMU München, LMU
Munich. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

CG, CS, andMH contributed conception and design of the study.
All authors contributed to collection of human bladder tissues.
BL, QY, RW, XW, and AS performed organ bath experiments.
BL, QY, RW, and MH analyzed the data. MH wrote the first draft
of the manuscript. BL wrote sections of the manuscript. XW, AS,
AH, AT, FS, RW, and CG critically revised the manuscript. All
authors contributed to manuscript revision, read and approved
the submitted version. BL and QY contributed equally.
FUNDING

This work was supported by grants from the Deutsche
Forschungsgemeinschaft (grants HE 5825/6-1, and GR 3333/6-1),
and the Chinese Scholarship Council (CSC), and the Friedrich-Baur-
Stiftung (grant 71/16), which were not involved in study design, in
collection, analysis and interpretation of data, in writing of the
manuscript, and in the decision to submit the article for publication.
ACKNOWLEDGMENTS

We thank Prof. Dr. T. Kirchner (Institute of Pathology, Ludwig-
Maximilians University, Munich) and his coworkers for the
asservation of tissue samples from prostates.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2020.00409/
full#supplementary-material
REFERENCES

Akbar, H., Cancelas, J., Williams, D. A., Zheng, J., and Zheng., Y. (2006). Rational
design and applications of a Rac GTPase-specific small molecule inhibitor.
Methods Enzymol. 406, 554–565. doi: 10.1016/S0076-6879(06)06043-5

Akino, H., Chapple, C. R., McKay, N., Cross, R. L., Murakami, S., Yokoyama, O.,
et al. (2008). Spontaneous contractions of the pig urinary bladder: the effect of
ATP-sensitive potassium channels and the role of the mucosa. BJU. Int. 102
(9), 1168–1174. doi: 10.1111/j.1464-410X.2008.07782.x
Andersson, K. E., and Arner, A. (2004). Urinary bladder contraction and
relaxation: physiology and pathophysiology. Physiol. Rev. 84 (3), 935–986.
doi: 10.1152/physrev.00038.2003

Andersson, K. E., Fry, C., Panicker, J., and Rademakers, K. (2018). Which
molecular targets do we need to focus on to improve lower urinary tract
dysfunction? ICI-RS 2017. Neurourol. Urodyn. 37 (S4), S117–S126. doi:
10.1002/nau.23516

Andersson, K. E. (2011). Muscarinic acetylcholine receptors in the urinary tract.
Handb. Exp. Pharmacol. 202, 319–344. doi: 10.1007/978-3-642-16499-6_16
April 2020 | Volume 11 | Article 409

https://www.frontiersin.org/articles/10.3389/fphar.2020.00409/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2020.00409/full#supplementary-material
https://doi.org/10.1016/S0076-6879(06)06043-5
https://doi.org/10.1111/j.1464-410X.2008.07782.x
https://doi.org/10.1152/physrev.00038.2003
https://doi.org/10.1002/nau.23516
https://doi.org/10.1007/978-3-642-16499-6_16
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. Rac Inhibitors Inhibit Detrusor Contraction
Andersson, K. E. (2015). Purinergic signalling in the urinary bladder. Auton.
Neurosci. 191, 78–81. doi: 10.1016/j.autneu.2015.04.012

Andre, G., Sandoval, J. E., Retailleau, K., Loufrani, L., Toumaniantz, G.,
Offermanns, S., et al. (2014). Smooth muscle specific Rac1 deficiency induces
hypertension by preventing p116RIP3-dependent RhoA inhibition. J. Am.
Heart Assoc. 3 (3), e000852. doi: 10.1161/JAHA.114.000852

Andre-Gregoire, G., et al. (2017). Targeting of Rac1 prevents bronchoconstriction
and airway hyperresponsiveness. J. Allergy Clin. Immunol.

Chapple, C. R., Cardozo, L., Nitti, V. W., Siddiqui, E., and Michel, M. C. (2014).
Mirabegron in overactive bladder: a review of efficacy, safety, and tolerability.
Neurourol. Urodyn. 33 (1), 17–30. doi: 10.1002/nau.22505

Christ, G. J., and Andersson, K. E. (2007). Rho-kinase and effects of Rho-kinase
inhibition on the lower urinary tract. Neurourol. Urodyn. 26 (6 Suppl), 948–
954. doi: 10.1002/nau.20475

Collins, C., Klausner, A. P., Herrick, B., Koo, H. P., Miner, A. S., Henderson, S. C., et al.
(2009). Potential for control of detrusor smooth muscle spontaneous rhythmic
contraction by cyclooxygenase products released by interstitial cells of Cajal. J. Cell
Mol. Med. 13 (9B), 3236–3250. doi: 10.1111/j.1582-4934.2009.00714.x

Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H., Giembycz, M. A.,
et al. (2015). Experimental design and analysis and their reporting: new guidance for
publication in BJP. Br. J. Pharmacol. 172 (14), 3461–3471. doi: 10.1111/bph.12856

Curtis, M. J., Bond, R. A., Spina, D., Ahluwalia, A., Alexander, S. P., Giembycz, M. A.,
et al. (2018). Experimental design and analysis and their reporting II: updated and
simplified guidance for authors and peer reviewers. Br. J. Pharmacol. 175 (7), 987–
993. doi: 10.1111/bph.14153

D’Agostino, G., Bolognesi, M. L., Lucchelli, A., Vicini, D., Balestra, B., Spelta, V.,
et al. (2000). Prejunctional muscarinic inhibitory control of acetylcholine
release in the human isolated detrusor: involvement of the M4 receptor
subtype. Br. J. Pharmacol. 129 (3), 493–500. doi: 10.1038/sj.bjp.0703080

Desire, L., Bourdin, J., Loiseau, N., Peillon, H., Picard, V., De Oliveira, C., et al.
(2005). RAC1 inhibition targets amyloid precursor protein processing by
gamma-secretase and decreases Abeta production in vitro and in vivo. J.
Biol. Chem. 280 (45), 37516–37525. doi: 10.1074/jbc.M507913200

Elliott, R. A., Tonnu, A., Ghaffar, N., Taylor, A. H., Tincello, D. G., and Norman, R. I.
(2013). Enhanced purinergic contractile responses and P2X1 receptor expression in
detrusor muscle during cycles of hypoxia-glucopenia and reoxygenation. Exp.
Physiol. 98 (12), 1683–1695. doi: 10.1113/expphysiol.2013.075010

Fullhase, C., Chapple, C., Cornu, J. N., De Nunzio, C., Gratzke, C., Kaplan, S. A.,
et al. (2013). Systematic review of combination drug therapy for non-
neurogenic male lower urinary tract symptoms. Eur. Urol. 64 (2), 228–243.
doi: 10.1016/j.eururo.2013.01.018

Gao, Y., Dickerson, J. B., Guo, F., Zheng, J., and Zheng, Y. (2004). Rational design
and characterization of a Rac GTPase-specific small molecule inhibitor. Proc.
Natl. Acad. Sci. U. S. A 101 (20), 7618–7623. doi: 10.1073/pnas.0307512101

Harvey, A. P., Montezano, A. C., Hood, K. Y., Lopes, R. A., Rios, F., Ceravolo, G.,
et al. (2017). Vascular dysfunction and fibrosis in stroke-prone spontaneously
hypertensive rats: The aldosterone-mineralocorticoid receptor-Nox1 axis. Life
Sci. 179, 110–119. doi: 10.1016/j.lfs.2017.05.002

Hennenberg, M., Miljak, M., Herrmann, D., Strittmatter, F., Walther, S., Rutz, B., et al.
(2013). The receptor antagonist picotamide inhibits adrenergic and thromboxane-
induced contraction of hyperplastic human prostate smooth muscle.Am. J. Physiol.
Renal Physiol. 305 (10), F1383–F1390. doi: 10.1152/ajprenal.00380.2013

Hennenberg, M., Tamalunas, A., Wang, Y., Keller, P., Schott, M., Strittmatter, F.,
et al. (2017). Inhibition of agonist-induced smooth muscle contraction by
picotamide in the male human lower urinary tract outflow region. Eur. J.
Pharmacol. 803, 39–47. doi: 10.1016/j.ejphar.2017.03.022

Igawa, Y., Aizawa, N., and Michel, M. C. (2019). beta3 -Adrenoceptors in the
normal and diseased urinary bladder - what are the open questions? Br. J.
Pharmacol. 176 (14), 2525–2538 doi: 10.1111/bph.14658

Irwin, D. E., Kopp, Z. S., Agatep, B., Milsom, I., and Abrams, P. (2011). Worldwide
prevalence estimates of lower urinary tract symptoms, overactive bladder,
urinary incontinence and bladder outlet obstruction. BJU. Int. 108 (7), 1132–
1138. doi: 10.1111/j.1464-410X.2010.09993.x

Kinder, R. B., and Mundy, A. R. (1985). Atropine blockade of nerve-mediated
stimulation of the human detrusor. Br. J. Urol. 57 (4), 418–421. doi: 10.1111/
j.1464-410X.1985.tb06301.x

Kushida, N., and Fry, C. H. (2015). On the origin of spontaneous activity in the
bladder. BJU. Int. 117 (6), 982–992
Frontiers in Pharmacology | www.frontiersin.org 14
Kushida, N., and Fry, C. H. (2016). On the origin of spontaneous activity in the
bladder. BJU. Int. 117 (6), 982–992. doi: 10.1111/bju.13240

Levay, M., Krobert, K. A., Wittig, K., Voigt, N., Bermudez, M., Wolber, G., et al.
(2013). NSC23766, a widely used inhibitor of Rac1 activation, additionally acts
as a competitive antagonist at muscarinic acetylcholine receptors. J. Pharmacol.
Exp. Ther. 347 (1), 69–79. doi: 10.1124/jpet.113.207266

Malmsten, C. (1976). Some biological effects of prostaglandin endoperoxide
analogs. Life Sci. 18 (2), 169–176. doi: 10.1016/0024-3205(76)90021-7

McCarthy, C. J., Marangos, C., Fry, C. H., and Ikeda, Y. (2019). ATP transients
accompany spontaneous contractions in isolated guinea-pig detrusor smooth
muscle. Exp. Physiol. 104 (11), 1717–1725. doi: 10.1113/EP087960

Milsom, I., Coyne, K. S., Nicholson, S., Kvasz, M., Chen, C. I., and Wein, A. J.
(2014). Global prevalence and economic burden of urgency urinary
incontinence: a systematic review. Eur. Urol. 65 (1), 79–95. doi: 10.1016/
j.eururo.2013.08.031

Nambiar, A. K., Bosch, R., Cruz, F., Lemack, G. E., Thiruchelvam, N., Tubaro, A.,
et al. (2018). EAU Guidelines on Assessment and Nonsurgical Management of
Urinary Incontinence. Eur. Urol. 73 (4), 596–609. doi: 10.1016/
j.eururo.2017.12.031

Oelke, M., Bachmann, A., Descazeaud, A., Emberton, M., Gravas, S., Michel, M. C.,
et al. (2013). EAU guidelines on the treatment and follow-up of non-neurogenic
male lower urinary tract symptoms including benign prostatic obstruction. Eur.
Urol. 64 (1), 118–140. doi: 10.1016/j.eururo.2013.03.004

Palea, S., Pietra, C., Trist, D. G., Artibani, W., Calpista, A., and Corsi, M. (1995).
Evidence for the presence of both pre- and postjunctional P2-purinoceptor
subtypes in human isolated urinary bladder. Br. J. Pharmacol. 114 (1), 35–40.
doi: 10.1111/j.1476-5381.1995.tb14902.x

Palea, S., Toson, G., Pietra, C., Trist, D. G., Artibani, W., Romano, O., et al. (1998).
Pharmacological characterization of thromboxane and prostanoid receptors in
human isolated urinary bladder. Br. J. Pharmacol. 124 (5), 865–872. doi:
10.1038/sj.bjp.0701903

Powell, L. C., Szabo, S. M., Walker, D., and Gooch, K. (2018). The economic
burden of overactive bladder in the United States: A systematic literature
review. Neurourol. Urodyn. 37 (4), 1241–1249. doi: 10.1002/nau.23477

Puetz, S., Lubomirov, L. T., and Pfitzer, G. (2009). Regulation of smooth muscle
contraction by small GTPases. Physiol. (Bethesda). 24, 342–356. doi: 10.1152/
physiol.00023.2009

Rahman, A., Davis, B., Lovdahl, C., Hanumaiah, V. T., Feil, R., Brakebusch, C.,
et al. (2014). The small GTPase Rac1 is required for smooth muscle
contraction. J. Physiol. 592 (5), 915–926. doi: 10.1113/jphysiol.2013.262998

Rahnama’i, M. S., van Kerrebroeck, P. E., de Wachter, S. G., and van Koeveringe, G. A.
(2012). The role of prostanoids in urinary bladder physiology. Nat. Rev. Urol. 9 (5),
283–290. doi: 10.1038/nrurol.2012.33

Saito, M., Kondo, A., Kato, T., and Levin, R. M. (1993). Response of isolated
human neurogenic detrusor smooth muscle to intramural nerve stimulation.
Br. J. Urol. 72 (5 Pt 2), 723–727. doi: 10.1111/j.1464-410X.1993.tb16256.x

Sakai, H., Kai, Y., Sato, K., Ikebe, M., and Chiba, Y. (2018). Rac1 modulates G-
protein-coupled receptor-induced bronchial smooth muscle contraction. Eur.
J. Pharmacol. 818, 74–83. doi: 10.1016/j.ejphar.2017.10.032

Sexton, C. C., Notte, S. M., Maroulis, C., Dmochowski, R. R., Cardozo, L.,
Subramanian, D., et al. (2011). Persistence and adherence in the treatment
of overactive bladder syndrome with anticholinergic therapy: a systematic
review of the literature. Int. J. Clin. Pract. 65 (5), 567–585. doi: 10.1111/j.1742-
1241.2010.02626.x

Shen, R. F., and Tai, H. H. (1998). Thromboxanes: synthase and receptors. J.
BioMed. Sci. 5 (3), 153–172. doi: 10.1007/BF02253465

Shibata, K., Sakai, H., Huang, Q., Kamata, H., Chiba, Y., Misawa, M., et al. (2015).
Rac1 regulates myosin II phosphorylation through regulation of myosin light
chain phosphatase. J. Cell Physiol. 230 (6), 1352–1364. doi: 10.1002/jcp.24878

Shutes, A., Onesto, C., Picard, V., Leblond, B., Schweighoffer, F., and Der, C. J.
(2007). Specificity and mechanism of action of EHT 1864, a novel small
molecule inhibitor of Rac family small GTPases. J. Biol. Chem. 282 (49), 35666–
35678. doi: 10.1074/jbc.M703571200

Silva, I., Costa, A.F., Moreira, S, Ferreirinha, F., Magalhaes-Cardoso, M.T., Calejo,
I., et al. (2017). Inhibition of cholinergic neurotransmission by beta3-
adrenoceptors depends on adenosine release and A1-receptor activation in
human and rat urinary bladders. Am. J. Physiol. Renal Physiol. 313 (2), F388–
F403. doi: 10.1152/ajprenal.00392.2016
April 2020 | Volume 11 | Article 409

https://doi.org/10.1016/j.autneu.2015.04.012
https://doi.org/10.1161/JAHA.114.000852
https://doi.org/10.1002/nau.22505
https://doi.org/10.1002/nau.20475
https://doi.org/10.1111/j.1582-4934.2009.00714.x
https://doi.org/10.1111/bph.12856
https://doi.org/10.1111/bph.14153
https://doi.org/10.1038/sj.bjp.0703080
https://doi.org/10.1074/jbc.M507913200
https://doi.org/10.1113/expphysiol.2013.075010
https://doi.org/10.1016/j.eururo.2013.01.018
https://doi.org/10.1073/pnas.0307512101
https://doi.org/10.1016/j.lfs.2017.05.002
https://doi.org/10.1152/ajprenal.00380.2013
https://doi.org/10.1016/j.ejphar.2017.03.022
https://doi.org/10.1111/bph.14658
https://doi.org/10.1111/j.1464-410X.2010.09993.x
https://doi.org/10.1111/j.1464-410X.1985.tb06301.x
https://doi.org/10.1111/j.1464-410X.1985.tb06301.x
https://doi.org/10.1111/bju.13240
https://doi.org/10.1124/jpet.113.207266
https://doi.org/10.1016/0024-3205(76)90021-7
https://doi.org/10.1113/EP087960
https://doi.org/10.1016/j.eururo.2013.08.031
https://doi.org/10.1016/j.eururo.2013.08.031
https://doi.org/10.1016/j.eururo.2017.12.031
https://doi.org/10.1016/j.eururo.2017.12.031
https://doi.org/10.1016/j.eururo.2013.03.004
https://doi.org/10.1111/j.1476-5381.1995.tb14902.x
https://doi.org/10.1038/sj.bjp.0701903
https://doi.org/10.1002/nau.23477
https://doi.org/10.1152/physiol.00023.2009
https://doi.org/10.1152/physiol.00023.2009
https://doi.org/10.1113/jphysiol.2013.262998
https://doi.org/10.1038/nrurol.2012.33
https://doi.org/10.1111/j.1464-410X.1993.tb16256.x
https://doi.org/10.1016/j.ejphar.2017.10.032
https://doi.org/10.1111/j.1742-1241.2010.02626.x
https://doi.org/10.1111/j.1742-1241.2010.02626.x
https://doi.org/10.1007/BF02253465
https://doi.org/10.1002/jcp.24878
https://doi.org/10.1074/jbc.M703571200
https://doi.org/10.1152/ajprenal.00392.2016
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. Rac Inhibitors Inhibit Detrusor Contraction
Silva, I., Magalhaes-Cardoso, M.T., Ferreirinha, F., Moreira, S., Costa, A.F., Silva, D.,
et al. (2019). beta3 Adrenoceptor-induced cholinergic inhibition in human and rat
urinary bladders involves the exchange protein directly activated by cyclic AMP 1
favoring adenosine release. Br. J. Pharmacol. 177 (7), 1589–1608 doi: 10.1111/
bph.14921

Somlyo, A. P., and Somlyo, A. V. (2000). Signal transduction by G-proteins, rho-
kinase and protein phosphatase to smooth muscle and non-muscle myosin II.
J. Physiol. 522 (Pt 2), 177–185. doi: 10.1111/j.1469-7793.2000.t01-2-00177.x

Somlyo, A. P., and Somlyo, A. V. (2003). Ca2+ sensitivity of smooth muscle and
nonmuscle myosin II: modulated by G proteins, kinases, and myosin
phosphatase. Physiol. Rev. 83 (4), 1325–1358. doi: 10.1152/physrev.00023.2003

Staiculescu, M. C., Galinanes, E. L., Zhao, G., Ulloa, U., Jin, M., Beig, M. I., et al.
(2013). Prolonged vasoconstriction of resistance arteries involves vascular
smooth muscle actin polymerization leading to inward remodelling.
Cardiovasc. Res. 98 (3), 428–436. doi: 10.1093/cvr/cvt034

Strittmatter, F., Gratzke, C., Weinhold, P., Steib, C. J., Hartmann, A. C., Schlenker, B.,
et al. (2011). Thromboxane A2 induces contraction of human prostate smooth
muscle by Rho kinase- and calmodulin-dependent mechanisms. Eur. J. Pharmacol.
650 (2-3), 650–655. doi: 10.1016/j.ejphar.2010.10.052

Tagliani, M., Candura, S. M., Di Nucci, A., Franceschetti, G. P., D'Agostino, G.,
Ricotti, P., et al. (1997). A re-appraisal of the nature of the atropine-resistant
contraction to electrical field stimulation in the human isolated detrusor
muscle. Naunyn Schmiedebergs Arch. Pharmacol. 356 (6), 750–755. doi:
10.1007/PL00005114

Takai, Y., Sasaki, T., and Matozaki, T. (2001). Small GTP-binding proteins.
Physiol. Rev. 81 (1), 153–208. doi: 10.1152/physrev.2001.81.1.153
Frontiers in Pharmacology | www.frontiersin.org 15
Tonini, M., Messori, E., Franceschetti, G. P., Rizzi, C. A., Castoldi, A. F., Coccini, T.,
et al. (1994). Characterization of the 5-HT receptor potentiating neuromuscular
cholinergic transmission in strips of human isolated detrusor muscle. Br. J.
Pharmacol. 113 (1), 1–2. doi: 10.1111/j.1476-5381.1994.tb16163.x

Wang, Y., Kunit, T., Ciotkowska, A., Rutz, B., Schreiber, A., Strittmatter, F., et al.
(2015). Inhibition of prostate smooth muscle contraction and prostate stromal
cell growth by the inhibitors of Rac, NSC23766 and EHT1864. Br. J.
Pharmacol. 172 (11), 2905–2917. doi: 10.1111/bph.13099

Wennerberg, K., and Der, C. J. (2004). Rho-family GTPases: it’s not only Rac and
Rho (and I like it). J. Cell Sci. 117 (Pt 8), 1301–1312. doi: 10.1242/jcs.01118

Yu, Q., Gratzke, C., Wang, Y., Wang, X., Li, B., Strittmatter, F., et al. (2019). New
strategies for inhibition of non-adrenergic prostate smooth muscle contraction
by pharmacologic intervention. Prostate 79 (7), 746–756. doi: 10.1002/
pros.23780

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Li, Yu, Wang, Gratzke, Wang, Spek, Herlemann, Tamalunas,
Strittmatter, Waidelich, Stief and Hennenberg. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2020 | Volume 11 | Article 409

https://doi.org/10.1111/bph.14921
https://doi.org/10.1111/bph.14921
https://doi.org/10.1111/j.1469-7793.2000.t01-2-00177.x
https://doi.org/10.1152/physrev.00023.2003
https://doi.org/10.1093/cvr/cvt034
https://doi.org/10.1016/j.ejphar.2010.10.052
https://doi.org/10.1007/PL00005114
https://doi.org/10.1152/physrev.2001.81.1.153
https://doi.org/10.1111/j.1476-5381.1994.tb16163.x
https://doi.org/10.1111/bph.13099
https://doi.org/10.1242/jcs.01118
https://doi.org/10.1002/pros.23780
https://doi.org/10.1002/pros.23780
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Inhibition of Female and Male Human Detrusor Smooth Muscle Contraction by the Rac Inhibitors EHT1864 and NSC23766
	Introduction
	Materials and Methods
	Human Tissues
	Tension Measurements
	Drugs and Nomenclature
	Statistical Analyses

	Results
	Effects of NSC23766 on EFS-Induced Detrusor Contractions
	Effects of EHT1864 on EFS-Induced Detrusor Contractions
	Effects of NSC23766 on Carbachol-Induced Detrusor Contractions
	Effects of EHT1864 on Carbachol-Induced Detrusor Contractions
	Effects of NSC23766 on U46619-Induced Detrusor Contractions
	Effects of EHT1864 on U46619-Induced Detrusor Contractions

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


